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Abstract 
We have studied the influence of molecular beam epitaxy (MBE) of E-FeSi2 films on minority-carrier diffusion length of 
an n-type Si(111) substrate.  It was found from electron beam induced current technique that the diffusion length was less 
influenced in sample formed with a E-FeSi2 template prior to the MBE growth than that in sample grown without the 
template. The size of E-FeSi2 grains measured by electron back-scatter diffraction was also discussed. 
© 2009 Published by Elsevier B.V. 
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1. Introduction 
We have been paying special attention to semiconducting E-FeSi2 as a promising material for use in silicon-
based light emitters and detectors operating at a wavelength of approximately 1.5 Pm [1-3]. This material has a large 
absorption coefficient of over 105 cm-1 at 1 eV [4], and it can be grown epitaxially on Si substrates. Therefore, the 
formation of a p/n junction using the E-FeSi2/Si heterostructure has been studied extensively for the application of 
various kinds of E-FeSi2 devices on Si substrates. In the past twenty years, a number of growth methods have been 
attempted for the formation of E-FeSi2 films. However, the E-FeSi2 films are composed of epitaxial variants in most 
cases, because the lattice constant b is very close to c [5]. Another puzzling problem in the E-FeSi2/Si
heterostructure is the diffusion of Fe atoms into the Si substrate near the interface. Liu et al. investigated the effect 
of E-FeSi2 template on the depth profiles of Fe atoms in the Si substrate by Auger electron spectroscopy [6]. They 
prepared E-FeSi2 films by molecular beam epitaxy (MBE) with and without the E-FeSi2 template prior to the MBE 
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growth. The influence of high temperature annealing (880˚C for 2 h) was also examined. It was found that the 
template reduced the Fe diffusion into the Si substrate, and also that the Fe diffusion was effectively hindered by the 
template even after the annealing was performed. Diffused Fe atoms are known to form deep levels in Si, and thus 
they are supposed to work as efficient traps for minority carriers [7,8]. However, there have been no reports to date 
on the influence of E-FeSi2 formation on minority-carrier diffusion length of Si, which is one of the most decisive 
parameters limiting the device performance. Therefore, it is of great importance to evaluate this influence. 
The purpose of the present work is to form E-FeSi2 films by MBE on an n-type Si(111) substrate, and to 
investigate its influence on the minority carrier diffusion length in the Si.  
2. Experiment 
N-type Czochralski Si(111) substrates with resistivity of 0.5-0.7 :·cm were used. The substrate was cleaned and 
thin protective oxide layer was formed by the RCA method. We prepared two kinds of samples A and B. For sample 
A, an approximately 20-nm-thick highly [110]/[101]-oriented E-FeSi2 epitaxial template was formed at 650 °C by 
reactive deposition epitaxy (RDE), that is Fe deposition on a hot Si substrate. Then, Fe and Si were coevaporated on 
the template at 750 °C to form E-FeSi2 continuous films by MBE [9]. For sample B, Fe and Si were directly 
coevaporated on the Si substrate by MBE. After the MBE growth of E-FeSi2 layers in both samples, E-FeSi2 layers
were etched away with a diluted HF acid (50%) for 30 min, and then the Schottky contact was formed with Au at the 
surface side. Ohmic contact was formed with Al on the back side.  
The crystalline quality of the grown layers was characterized by x-ray diffraction (XRD). The observation of 
microstructure was carried out by scanning electron microscopy (SEM).The grain size of E-FeSi2 was evaluated 
using EBSD. The minority carrier diffusion length was measured by electron beam induced current (EBIC) 
technique.
3. Results and discussion 
Figures 1(a) and 1(b) show the TT XRD patterns for sample A, prepared with the template, and sample B, 
prepared without the template, respectively. In the XRD pattern of sample A, intense peaks of (220)/(202) and 
(440)/(404) of E-FeSi2 were clearly seen near the (111) and (222) peaks of the Si substrate, respectively. Thus, 
highly [110] and/or [101]-oriented E-FeSi2, matching the epitaxial relationship of E-FeSi2 on Si(111), was formed in 
sample A. On the other hand, the diffraction peaks from various planes exist in sample B, showing that E-FeSi2 in 
sample B was polycrystalline.
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Fig.1 T-2TXRD pattern of (a) sample A and (b) sample B. 
24 H. Kawakami et al. / Physics Procedia 11 (2011) 23–26
 Author name / Physics Procedia 00 (2011) 000–000  
Figures 2(a) and 2(b) show the EBSD mappings of E-FeSi2 for samples A and B, respectively, observed along the 
normal directions. The area of (110)-oriented E-FeSi2 grains is colored blue, while (101)-oriented E-FeSi2 grains is 
colored yellow, and that of the (100)-oriented E-FeSi2 grains is colored green. The grain size of E-FeSi2 is estimated 
to be a few Pm in both samples. However, there exists a clear difference in crystal orientation of E-FeSi2 between 
them. Figure 2(a) reveals that most of the E-FeSi2 grains were formed with [110]/[101] orientation due to the 
template layer, matching the epitaxial relation to the Si (111) substrate. On the contrary, approximately 80% of E-
FeSi2 grains were colored green in sample B, meaning that [100]-oriented E-FeSi2 were formed.  
Figure 3(a) show the EBIC image taken around the Au/n-Si Schottky contact formed on the n-Si substrate (sample 
C). On the other hand, Figs. 3(b) and 3(c) are EBIC images of Au/n-Si Schottky contacts, which were formed after 
the E-FeSi2 layers were etched away from the surfaces in samples A and B, respectively. We denote these samples A’ 
and B’, respectively, hereafter. The acceleration voltage of electron beam was 10 kV. In the EBIC measurement, the 
carriers generated within a diffusion length from the depletion edge on the n-type Si are collected by the electric 
field under the Au contact and sensed as a current in the external circuit. As shown in Fig. 3, the brighter regions 
indicate higher collection of electron-beam-induced carriers in Si. The EBIC decreased gradually away from the 
edge of the electrode.  In Fig. 3(b), there are many dark spots observed in the contact region. In sample A’, many 
island-like structures were observed by AFM after the etching. Thus, we think that the dark spots indicate a rough 
surface of sample A’.  
Figure 4 shows the semi logarithmic plots of EBIC line-scan data. The EBIC profiles show a clear exponential 
dependence of distance from the Au contact. Several theoretical models have been used to extract the minority 
carrier diffusion length by fitting the theoretical expression to the EBIC line-scan date. The EBIC profile varies as 
exp(-x/L), where x is the distance from the Au edge, and L the diffusion length of holes. In this work, the diffusion 
lengths were estimated to be 23 Pm for the single-crystalline Si, 16 Pm for the sample grown with template, and 3 
Pm for the sample grown without template. On the basis of these results, it can be at least concluded that E-FeSi2
template reduces the Fe diffusion into the Si substrate during the E-FeSi2 film fabrication, thereby preventing the 
decrease in minority-carrier diffusion length in the Si.
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Fig. 2 EBSD mappings of E-FeSi2 observed along normal 
direction for (a) sample A, grown with the template layer, 
and  (b) sample B, grown without the template layer. 
Fig. 3 EBIC images around the Au/n-Si Schottky contact for (a) 
sample C,  (b) sample A’ and (c) sample B’.  
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4. Conclusions 
We have formed E-FeSi2 films by MBE on an n-type Si(111) substrate, and to investigate its influence on the 
minority carrier diffusion length in the Si after the E-FeSi2 films were etched away and the Au/n-Si Schottky contact 
was formed on the n-Si substrate. It was found from the EBIC measurements that the diffusion length of holes in n-
Si was drastically decreased down to 3 Pm for the n-Si substrate on which the E-FeSi2 films were formed without 
the template. This value is much smaller than 16 Pm for the n-Si on which the E-FeSi2 films were formed with the 
template, and 23 Pm for the non-processed n-Si substrate.  
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Fig. 4 Semilogarithmic plots of EBIC line-scan profiles measured at room temperature on (a) sample 
C, (b) sample A’, and (c) sample B’.  
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